Introduction
============

Phosphorus (P) is one of the major nutrients in poultry excreta, and feed supplementation with microbial phytase and phytase-rich cereals have been investigated as a solution for P retention. Interestingly, wheat (*Triticum aestivum*) and triticale (*Triticosecale*) have a high phytase activity and can improve P digestibility in poultry ([@bib3]; [@bib17]). Moreover, this activity increases with germination, along with a concomitant decrease in phytic acid concentration ([@bib4]; [@bib19]).

Buckwheat (*Fagopyrum esculentum*) (BU) is a non-glutinous pseudocereal, taxonomically distant from wheat and triticale, which is produced in many countries, including Russia, China, Kazakhstan, Ukraine, France, Poland, USA and Japan. However, there is a lack of studies assessing the use of pseudocereal as a feed source, and therefore, information on its phytase content is still limited. According to our preliminary report ([@bib5]), buckwheat had high phytase activity which further increased after germination (GBU), but the effects of dietary BU and GBU on P utilization in broilers were not clarified.

To confirm whether buckwheat can be used as an alternative phytase source, we measured the growth performance, bone quality and P retention in broilers reared on non-phytate P-deficient diets containing BU and GBU at different levels, and discussed the efficacy of phytase from BU or GBU in broilers.

Materials and Methods
=====================

This study was conducted in accordance with the guidelines for regulation of animal experimentation of Shinshu University, Japan.

Germination of BU
-----------------

Seeds of buckwheat (Shinano No. 1 variety) with high phytase activity were purchased commercially, and a proportion of these seeds were germinated following the method of [@bib9] with slight modification. In brief, the seeds were soaked in water for 12 h and then transferred to a tray lined with wet paper, and allowed to germinate for 36 h at 23±2°C in a dark condition. During germination, water was sprinkled on seeds every 10 h. After germination, the seeds were dried at 50°C in a forced air oven for 7 h. Both of non-germinated and germinated seeds were ground to pass through a 1.0-mm aperture and approximately 93% of the hulls were removed by sieving whole ground seeds. Ground BU and GBU were kept at room temperature for further analysis ([Table 1](#T1){ref-type="table"}).

###### Chemical composition of buckwheat (Shinano No. 1)[^1^](#tf1){ref-type="table-fn"}

  Components, %                                            Shinano No. 1 buckwheat   
  -------------------------------------------------------- ------------------------- -------
  Crude protein                                            15.26                     17.08
  Ether extract                                            3.17                      3.08
  Crude fiber                                              5.06                      6.23
  Crude ash                                                2.04                      2.07
  Total P                                                  0.38                      0.42
  Phytate P                                                0.32                      0.27
  Phytase activity, PU[^2^](#tf2){ref-type="table-fn"}/g   2.10                      2.60

Values based on analysis of triplicate samples (dry matter basis).

^1^ BU=non-germinated buckwheat; GBU=germinated buckwheat.

Phytase unit (PU) equivalent to the enzymatic activity, which liberates 1 *µ*mol inorganic phosphate per min at pH 5.5 and 37°C.

Birds, Diets and Sampling
-------------------------

One hundred and twenty, 8-d old male broiler chicks (Ross 308) were divided into eight dietary groups of 15 birds each and kept in floor pens under 24-h light condition. Each dietary group was assigned to one of the following experimental diets: a positive control (PC) diet, formulated according to the [@bib21] recommendations, a negative control (NC) diet, formulated to contain 0.16% lower non-phytate P than the PC diet, and six other diets, formulated to contain 10%, 15% and 20% of BU or GBU in the NC diet, at the expense of maize ([Tables 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}). Starter diets contained 23.5% CP and 3,200 kcal of ME/kg and were used for 8--21 d of age. Next, grower diets with 20.5% CP and 3,250 kcal of ME/kg were provided for 22--42 d of age. Birds were kept in floor pens from 8 to 35 d of age and then transferred to wire-floor cages for excreta collection. Diets and water were provided *ad libitum* for the 35-d experimental period (from 8 to 42 d of age). Feed intake (FI) and body weight (BW) were recorded daily and weekly, respectively. Feed conversion ratio (FCR) was calculated at the end of trial as the ratio of FI to weight gain (g feed/g gain). Excreta were collected from 39 to 41 d of age and stored at −20°C in a freezer. Frozen excreta samples were then thawed, homogenized, dried, and ground before analysis.

###### Ingredients and chemical composition of the experimental diets (starter phase: 8--21 d)[^1^](#tf3){ref-type="table-fn"}

  Ingredients, %                                                       PC      NC      NC + BU   NC + GBU                           
  -------------------------------------------------------------------- ------- ------- --------- ---------- ------- ------- ------- -------
  Commercial diet[^2^](#tf4){ref-type="table-fn"}                      55.0    51.0    51.0      51.0       51.0    51.0    51.0    51.0
  Soybean meal                                                         20.0    20.7    20.0      18.8       17.5    20.0    18.8    17.5
  Maize                                                                20.1    24.1    13.0      8.4        3.95    13.0    8.4     3.95
  BU                                                                   ---     ---     10.0      15.0       20.0    ---     ---     ---
  GBU                                                                  ---     ---     ---       ---        ---     10.0    15.0    20.0
  Maize oil                                                            2.50    2.00    3.80      4.60       5.35    3.80    4.60    5.35
  Ca~3~(PO~4~)~2~                                                      0.8     ---     ---       ---        ---     ---     ---     ---
  CaCO~3~                                                              0.7     1.3     1.3       1.3        1.3     1.3     1.3     1.3
  Salt                                                                 0.3     0.3     0.3       0.3        0.3     0.3     0.3     0.3
  Vit-min Premix[^3^](#tf5){ref-type="table-fn"}                       0.6     0.6     0.6       0.6        0.6     0.6     0.6     0.6
  Analyzed composition, % (as fed basis)                                                                                            
  Crude protein                                                        23.57   23.49   23.53     23.56      23.68   23.52   23.55   23.63
  Crude fiber                                                          3.98    3.91    4.16      4.28       4.41    4.31    4.53    4.72
  Total P                                                              0.74    0.59    0.59      0.58       0.58    0.58    0.59    0.59
  Phytate P                                                            0.28    0.29    0.28      0.28       0.28    0.29    0.29    0.29
  non-phytate P[^4^](#tf6){ref-type="table-fn"}                        0.46    0.30    0.31      0.30       0.30    0.29    0.30    0.30
  Calcium[^5^](#tf7){ref-type="table-fn"}                              0.99    0.99    1.00      1.00       1.00    0.99    1.00    1.00
  ME, kcal/kg[^5^](#tf7){ref-type="table-fn"}                          3,204   3,207   3,206     3,209      3,211   3,206   3,209   3,211
  Phytase, PU/kg of diet on DM basis[^6^](#tf8){ref-type="table-fn"}   ND      ND      210       315        420     260     390     520

PC=positive control, NC=negative control, BU=non-germinated buckwheat, GBU=germinated buckwheat.

Broiler Starter diet (CP≥23.5%, ME≥3,050 kcal/kg, Feedone Co., Ltd. Kanagawa, Japan).

Vitamin-mineral premix provided with the following concentrations per kg of diet: vitamin A, 5,000 IU; vitamin D~3~, 1,000 IU; vitamin E, 11 IU; vitamin K~3~, 1.1 mg; vitamin B~1~, 6 mg; vitamin B~2~, 23 mg; vitamin B~6~, 8 mg; vitamin B~12~, 0.02 mg; pantothenic acid, 18 mg; niacin, 35 mg; choline chloride, 1,700 mg; folacin, 2.2 mg; iron, 95 mg; copper, 11 mg; zinc, 180 mg; manganese, 280 mg; iodine, 3.4 mg.

Calculated value.

Calculated nutrient content was based on ingredient composition data from the [@bib21].

Phytase activity value was calculated on the dry matter basis of the diets, which was based on the analyzed phytase activity in Shinano No. 1 BU and GBU, ND=not-determined.

###### Ingredients and chemical composition of the experimental diets (grower phase: 22--42 d)[^1^](#tf9){ref-type="table-fn"}

  Ingredients, %                                                        PC      NC      NC + BU   NC + GBU                           
  --------------------------------------------------------------------- ------- ------- --------- ---------- ------- ------- ------- -------
  Commercial diet[^2^](#tf10){ref-type="table-fn"}                      46.3    33.0    33.0      33.0       33.0    33.0    33.0    33.0
  Soybean meal                                                          23.0    24.5    23.3      22.9       21.8    23.3    22.9    21.8
  Maize                                                                 27.5    39.9    30.0      24.7       20.2    30.0    24.7    20.2
  BU                                                                    ---     ---     10.0      15.0       20.0    ---     ---     ---
  GBU                                                                   ---     ---     ---       ---        ---     10.0    15.0    20.0
  Maize oil                                                             0.9     0.4     1.5       2.2        2.8     1.5     2.2     2.8
  Ca~3~(PO~4~)~2~                                                       0.6     ---     ---       ---        ---     ---     ---     ---
  CaCO~3~                                                               0.8     1.3     1.3       1.3        1.3     1.3     1.3     1.3
  Salt                                                                  0.3     0.3     0.3       0.3        0.3     0.3     0.3     0.3
  Vit-min Premix[^3^](#tf11){ref-type="table-fn"}                       0.6     0.6     0.6       0.6        0.6     0.6     0.6     0.6
  Analyzed composition, % (as fed basis)                                                                                             
  Crude protein                                                         20.68   20.59   20.61     20.53      20.63   20.45   20.59   20.56
  Crude fiber                                                           3.88    3.68    3.92      4.20       4.56    4.18    4.37    4.80
  Total P                                                               0.67    0.50    0.50      0.51       0.51    0.51    0.50    0.50
  Phytate P                                                             0.30    0.29    0.29      0.30       0.31    0.30    0.30    0.29
  non-phytate P[^4^](#tf12){ref-type="table-fn"}                        0.37    0.21    0.21      0.21       0.20    0.21    0.20    0.21
  Calcium[^5^](#tf13){ref-type="table-fn"}                              0.81    0.83    0.83      0.84       0.84    0.83    0.84    0.83
  ME, kcal/kg[^5^](#tf13){ref-type="table-fn"}                          3,257   3,268   3,255     3,244      3,236   3,255   3,244   3,236
  Phytase, PU/kg of diet on DM basis[^6^](#tf14){ref-type="table-fn"}   ND      ND      210       315        420     260     390     520

PC=positive control, NC=negative control, BU=non-germinated buckwheat, GBU=germinated buckwheat.

Broiler grower diet (CP≥18.0%, ME≥3,270 kcal/kg, Feedone Co., Ltd. Kanagawa, Japan).

Vitamin-mineral premix provided with the following concentrations per kg of diet: vitamin A, 5,000 IU; vitamin D~3~, 1,000 IU; vitamin E, 11 IU; vitamin K~3~, 1.1 mg; vitamin B~1~, 6 mg; vitamin B~2~, 23 mg; vitamin B~6~, 8 mg; vitamin B~12~, 0.02 mg; pantothenic acid, 18 mg; niacin, 35 mg; choline chloride, 1,700 mg; folacin, 2.2 mg; iron, 95 mg; copper, 11 mg; zinc, 180 mg; manganese, 280 mg; iodine, 3.4 mg.

Calculated value.

Calculated nutrient content was based on ingredient composition data from the [@bib21].

Phytase activity value was calculated on the dry matter basis of the diets, which was based on the analyzed phytase activity in Shinano No. 1 BU and GBU, ND=not-determined.

On 43 d of age, 12 birds per dietary group were killed by cervical dislocation and then dressed: carcass, breast and leg meat, and internal organs (heart, spleen, liver, and gizzard) were weighed. Tibia and femur bones (2 tibias and 2 femurs per bird) were collected from 10 birds in each dietary group, measured in length and width, and then subjected to measurement of breaking strength (kgf/cm^2^) using a force gauge (ZTA-5000N, IMADA Co., Ltd., Japan). Subsequently, they were measured for dry weight after drying at 100°C for 24 h, and then ashed at 600°C for 24 h ([@bib6]). On the same day, for body composition analysis, three birds per group were killed without bleeding. After defeathering, they are ground to be homogenous and then stored at −20°C until analysis.

Chemical Analysis
-----------------

Samples of BU, GBU, diets, excreta, and whole body of birds were analyzed for proximate composition following the standard methods ([@bib1]). Total P and phytate P of the samples were measured according to [@bib15] and [@bib11], respectively: non-phytate P was calculated by subtracting the phytate P from total P.

Phytase activity was measured following the method described by [@bib8]. Phytase acts on sodium phytate and releases inorganic P. The phytase unit was defined as the amount of phytase activity that liberates inorganic P from a 0.0015 M Na-phytate solution, at a rate of 1 *µ*mol per min at pH 5.5 and 37°C.

Calculation and Statistical Analysis
------------------------------------

The percentage ash was determined relative to the dry weight of the bone. Tibia weight/length index and femur weight/length index were calculated by dividing the weight by its length ([@bib26]).

Statistical significances among the dietary groups were determined using Tukey\'s multiple comparison tests at a significance level of 5% after one-way ANOVA ([@bib25]). In addition, two-way ANOVA was performed by omitting the PC and NC groups to test for the main and interaction effects between the BU and GBU groups. Linear regression analysis was conducted to obtain the equations relating phytase levels in diets with response (BW gain, FI, tibia ash and tibia P) using the SAS statistical package. The linear regression model used was:

Y=a+b×X

where 'Y' is the response criterion, 'a' is the 'Y' intercept, \'b' is the slope of the response criterion and 'X' is the level of phytase (PU/kg diet) from BU or GBU (calculated values were used).

Results
=======

Growth Performance and Body Composition ([Table 4](#T4){ref-type="table"})
--------------------------------------------------------------------------

###### The effects of non-germinated and germinated buckwheat added diets on the growth performance and body composition of broilers[^1^](#tf16){ref-type="table-fn"}

  Dietary groups        Growth performance[^2^](#tf17){ref-type="table-fn"}                                                                                                                                         Body composition[^3^](#tf18){ref-type="table-fn"}                                                                                                          
  --------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------- --------------------------------------------- --------------------------------------------- ---------- ----------
  PC                    2,925±31.1[^a^](#tf15){ref-type="table-fn"}                                                                                                                                                 2,729±31.3[^a^](#tf15){ref-type="table-fn"}         130.2±0.4[^ab^](#tf15){ref-type="table-fn"}   1.67±0.02[^d^](#tf15){ref-type="table-fn"}    12.1±0.3   12.3±1.0
  NC                    2,614±18.6[^e^](#tf15){ref-type="table-fn"}                                                                                                                                                 2,419±17.7[^e^](#tf15){ref-type="table-fn"}         127.5±0.2[^c^](#tf15){ref-type="table-fn"}    1.85±0.01[^a^](#tf15){ref-type="table-fn"}    11.9±0.7   10.2±0.2
  NC + 10% BU           2,651±22.4[^de^](#tf15){ref-type="table-fn"}                                                                                                                                                2,457±21.6[^de^](#tf15){ref-type="table-fn"}        128.4±0.5[^c^](#tf15){ref-type="table-fn"}    1.83±0.0[^ab^](#tf15){ref-type="table-fn"}    12.3±0.6   10.5±0.4
  NC + 15% BU           2,715±14.8[^cd^](#tf15){ref-type="table-fn"}                                                                                                                                                2,520±14.8[^cd^](#tf15){ref-type="table-fn"}        128.0±0.4[^c^](#tf15){ref-type="table-fn"}    1.78±0.0[^bc^](#tf15){ref-type="table-fn"}    13.1±0.3   10.2±1.0
  NC + 20% BU           2,761±16.9[^bc^](#tf15){ref-type="table-fn"}                                                                                                                                                2,567±15.6[^bc^](#tf15){ref-type="table-fn"}        128.6±0.3[^c^](#tf15){ref-type="table-fn"}    1.76±0.01[^c^](#tf15){ref-type="table-fn"}    13.4±0.8   10.7±0.6
  NC + 10% GBU          2,751±15.9b[^cd^](#tf15){ref-type="table-fn"}                                                                                                                                               2,556±14.9[^bc^](#tf15){ref-type="table-fn"}        128.7±0.4[^bc^](#tf15){ref-type="table-fn"}   1.76±0.01[^c^](#tf15){ref-type="table-fn"}    13.7±0.5   11.1±0.5
  NC + 15% GBU          2,801±24.9[^bc^](#tf15){ref-type="table-fn"}                                                                                                                                                2,605±23.5[^bc^](#tf15){ref-type="table-fn"}        130.2±0.2[^ab^](#tf15){ref-type="table-fn"}   1.75±0.02[^c^](#tf15){ref-type="table-fn"}    13.2±0.1   10.2±1.2
  NC + 20% GBU          2,830±26.7[^ab^](#tf15){ref-type="table-fn"}                                                                                                                                                2,635±25.8[^ab^](#tf15){ref-type="table-fn"}        130.3±0.3[^a^](#tf15){ref-type="table-fn"}    1.73±0.02[^cd^](#tf15){ref-type="table-fn"}   13.7±0.2   10.6±0.3
  Main effects                                                                                                                                                                                                                                                                                                                                                                 
  Germination                                                                                                                                                                                                                                                                                                                                                                  
      BU                2,709±12.6[^b^](#tf15){ref-type="table-fn"}                                                                                                                                                 2,515±12.3[^b^](#tf15){ref-type="table-fn"}         128.3±0.2[^b^](#tf15){ref-type="table-fn"}    1.78±0.01[^a^](#tf15){ref-type="table-fn"}    12.9±0.3   10.5±0.4
      GBU               2,794±14.3[^a^](#tf15){ref-type="table-fn"}                                                                                                                                                 2,599±13.7[^a^](#tf15){ref-type="table-fn"}         129.7±0.2[^a^](#tf15){ref-type="table-fn"}    1.75±0.01[^b^](#tf15){ref-type="table-fn"}    13.5±0.2   10.6±0.4
  Level                                                                                                                                                                                                                                                                                                                                                                        
      10%               2,701±16.7[^b^](#tf15){ref-type="table-fn"}                                                                                                                                                 2,506±16.2[^b^](#tf15){ref-type="table-fn"}         128.6±0.3[^b^](#tf15){ref-type="table-fn"}    1.80±0.01[^a^](#tf15){ref-type="table-fn"}    13.0±0.5   10.8±0.3
      15%               2,758±16.7[^a^](#tf15){ref-type="table-fn"}                                                                                                                                                 2,563±16.2[^a^](#tf15){ref-type="table-fn"}         129.1±0.4[^ab^](#tf15){ref-type="table-fn"}   1.76±0.01[^b^](#tf15){ref-type="table-fn"}    13.1±0.2   10.2±0.7
      20%               2,796±17.3[^a^](#tf15){ref-type="table-fn"}                                                                                                                                                 2,601±16.6[^a^](#tf15){ref-type="table-fn"}         129.6±0.3[^a^](#tf15){ref-type="table-fn"}    1.75±0.01[^b^](#tf15){ref-type="table-fn"}    13.5±0.4   10.6±0.3
  Source of variation   \-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-- *P*-value \-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--                                                                                                                                                              
  Germination           0.0204                                                                                                                                                                                      \<0.0001                                            \<0.0001                                      0.0006                                        0.1641     0.7587
  Level                 0.0008                                                                                                                                                                                      \<0.0001                                            0.0363                                        0.0013                                        0.5053     0.7044
  Germination×Level     0.2680                                                                                                                                                                                      0.7492                                              0.0587                                        0.2732                                        0.3651     0.9096

Means within a column not followed by common superscripts are different at *P*\<0.05.

PC=positive control; NC=negative control; BU=non-germinated buckwheat; GBU=germinated buckwheat; FBW=final body weight; WG=weight gain; FI=feed intake; FCR=feed conversion ratio; CP=crude protein; EE=ether extract.

Values for each parameter represent mean±standard error values with 15 observations (d 8 to d 42).

Values for each parameter represent mean±standard error values with three observations.

Final BW in the birds given PC diet (2,925 g) was slightly lower than the corresponding value of male ROSS 308 broiler (3,023 g) ([@bib2]). This value was further decreased by about 10% in the NC group, but restored dose-dependently with the increasing levels of BU and GBU in the diets. Comparing the BU and GBU treatments, the degree of restoration was greater in the GBU groups than in the BU groups. BW gain showed a similar tend as the final BW. FI was decreased slightly but significantly in the NC and BU groups, however, FI did not decrease in all GBU groups. FCR in the PC group was similar to the corresponding value of male ROSS 308 broiler ([@bib2]), which was deteriorated in the NC group. Although restoration of the FCR was dose-dependent in the BU groups, such a trend was not observed in the GBU groups. However, among the BU and GBU groups, the overall growth performance of 20% GBU group was comparable with that of PC group.

No significant difference was found among the groups in terms of internal organs weight, carcass yield as % live weight and meat yield as % carcass weight (data not shown). Moisture content in the whole body of birds ranged from 68.8% to 70.9% and ash content from 2.3% to 2.6%, and neither were affected by the experimental diets (data not shown). The CP content was numerically higher in the BU and GBU groups compared with the PC and NC, but it did not follow any regular trend, and the EE content was almost similar in all groups.

Bone Quality ([Table 5](#T5){ref-type="table"} and [Table 6](#T6){ref-type="table"})
------------------------------------------------------------------------------------

###### The effects of non-germinated and germinated buckwheat added diets on tibia characteristics in broilers[^1^](#tf20){ref-type="table-fn"}

  Dietary groups        Dry tibia wt., g                                                                                                                                                                            Tibia wt./length index, mg/mm                 Tibia breaking strength, kgf/cm^2^              Tibia ash, %                                    Tibia P, %
  --------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------- ----------------------------------------------- ----------------------------------------------- ---------------------------------------------
  PC                    7.84±0.22[^a^](#tf19){ref-type="table-fn"}                                                                                                                                                  78.8±2.0[^a^](#tf19){ref-type="table-fn"}     41.97±1.53[^a^](#tf19){ref-type="table-fn"}     39.45±0.30[^a^](#tf19){ref-type="table-fn"}     9.01±0.18[^a^](#tf19){ref-type="table-fn"}
  NC                    6.68±0.14[^c^](#tf19){ref-type="table-fn"}                                                                                                                                                  67.3±1.5[^c^](#tf19){ref-type="table-fn"}     30.08±1.26[^d^](#tf19){ref-type="table-fn"}     35.55±0.21[^c^](#tf19){ref-type="table-fn"}     7.38±0.08[^c^](#tf19){ref-type="table-fn"}
  NC + 10% BU           6.73±0.15[^c^](#tf19){ref-type="table-fn"}                                                                                                                                                  68.0±1.7[^c^](#tf19){ref-type="table-fn"}     31.77±1.21[^cd^](#tf19){ref-type="table-fn"}    36.80±0.68[^bc^](#tf19){ref-type="table-fn"}    7.93±0.23[^bc^](#tf19){ref-type="table-fn"}
  NC + 15% BU           6.89±0.18[^bc^](#tf19){ref-type="table-fn"}                                                                                                                                                 69.2±1.9[^bc^](#tf19){ref-type="table-fn"}    35.06±1.33[^bcd^](#tf19){ref-type="table-fn"}   37.61±0.74[^abc^](#tf19){ref-type="table-fn"}   8.25±0.19[^b^](#tf19){ref-type="table-fn"}
  NC + 20% BU           7.25±0.17[^abc^](#tf19){ref-type="table-fn"}                                                                                                                                                73.2±2.1[^abc^](#tf19){ref-type="table-fn"}   38.71±1.47[^ab^](#tf19){ref-type="table-fn"}    38.41±0.60[^ab^](#tf19){ref-type="table-fn"}    8.39±0.15[^ab^](#tf19){ref-type="table-fn"}
  NC + 10% GBU          7.26±0.17[^abc^](#tf19){ref-type="table-fn"}                                                                                                                                                73.2±1.4[^abc^](#tf19){ref-type="table-fn"}   37.31±1.11[^abc^](#tf19){ref-type="table-fn"}   37.85±0.49[^abc^](#tf19){ref-type="table-fn"}   8.16±0.15[^b^](#tf19){ref-type="table-fn"}
  NC + 15% GBU          7.63±0.22[^ab^](#tf19){ref-type="table-fn"}                                                                                                                                                 77.0±2.2[^ab^](#tf19){ref-type="table-fn"}    40.00±1.79[^ab^](#tf19){ref-type="table-fn"}    38.08±0.43[^ab^](#tf19){ref-type="table-fn"}    8.21±0.15[^b^](#tf19){ref-type="table-fn"}
  NC + 20% GBU          7.94±0.24[^a^](#tf19){ref-type="table-fn"}                                                                                                                                                  80.2±2.5[^a^](#tf19){ref-type="table-fn"}     40.72±1.37[^ab^](#tf19){ref-type="table-fn"}    39.09±0.43[^ab^](#tf19){ref-type="table-fn"}    8.42±0.12[^ab^](#tf19){ref-type="table-fn"}
  Main effects                                                                                                                                                                                                                                                                                                                                                    
  Germination                                                                                                                                                                                                                                                                                                                                                     
      BU                6.95±0.10[^b^](#tf19){ref-type="table-fn"}                                                                                                                                                  70.2±1.1[^b^](#tf19){ref-type="table-fn"}     35.18±0.91[^b^](#tf19){ref-type="table-fn"}     37.61±0.41                                      8.19±0.12
      GBU               7.61±0.12[^a^](#tf19){ref-type="table-fn"}                                                                                                                                                  76.8±1.3[^a^](#tf19){ref-type="table-fn"}     39.35±0.85[^a^](#tf19){ref-type="table-fn"}     38.34±0.28                                      8.26±0.08
  Level                                                                                                                                                                                                                                                                                                                                                           
      10%               6.99±0.13[^b^](#tf19){ref-type="table-fn"}                                                                                                                                                  70.6±1.2[^b^](#tf19){ref-type="table-fn"}     34.54±1.02[^b^](#tf19){ref-type="table-fn"}     37.32±0.44                                      8.04±0.14
      15%               7.26±0.16[^ab^](#tf19){ref-type="table-fn"}                                                                                                                                                 73.1±1.7[^ab^](#tf19){ref-type="table-fn"}    37.54±1.22[^ab^](#tf19){ref-type="table-fn"}    37.84±0.44                                      8.23±0.12
      20%               7.60±0.16[^a^](#tf19){ref-type="table-fn"}                                                                                                                                                  76.7±1.8[^a^](#tf19){ref-type="table-fn"}     39.72±1.01[^a^](#tf19){ref-type="table-fn"}     38.75±0.39                                      8.40±0.09
  Source of variation   \-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-- *P*-value \-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--                                                                                                                                                 
  Germination           0.0001                                                                                                                                                                                      0.0001                                        0.0006                                          0.1486                                          0.6060
  Level                 0.0108                                                                                                                                                                                      0.0126                                        0.0021                                          0.0674                                          0.1332
  Germination×Level     0.8491                                                                                                                                                                                      0.7973                                        0.4057                                          0.8878                                          0.7270

Means within a column not followed by common superscripts are different at *P*\<0.05.

PC=positive control; NC=negative control; BU=non-germinated buckwheat; GBU=germinated buckwheat.

^1^ Values for each parameter represent mean±standard error values with 10 observations.

###### The effects of non-germinated and germinated buckwheat added diets on femur characteristics in broilers[^1^](#tf22){ref-type="table-fn"}

  Dietary groups        Dry femur wt., g                                                                                                                                                                          Femur wt./length index, mg/mm                 Femur breaking strength, kgf/cm^2^            Femur ash, %   Femur P, %
  --------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------- --------------------------------------------- -------------- ------------
  PC                    6.20±0.16[^a^](#tf21){ref-type="table-fn"}                                                                                                                                                84.2±2.3                                      37.11±1.19[^a^](#tf21){ref-type="table-fn"}   37.24±0.50     7.46±0.14
  NC                    5.54±0.13[^b^](#tf21){ref-type="table-fn"}                                                                                                                                                75.5±2.0                                      27.45±1.13[^b^](#tf21){ref-type="table-fn"}   34.46±0.62     6.88±0.15
  NC + 10% BU           5.66±0.09[^ab^](#tf21){ref-type="table-fn"}                                                                                                                                               77.2±1.3                                      28.20±0.79[^b^](#tf21){ref-type="table-fn"}   35.34±0.62     7.12±0.21
  NC + 15% BU           5.82±0.10[^ab^](#tf21){ref-type="table-fn"}                                                                                                                                               79.3±1.6                                      33.78±0.80[^a^](#tf21){ref-type="table-fn"}   35.27±0.80     7.23±0.28
  NC + 20% BU           6.07±0.17[^ab^](#tf21){ref-type="table-fn"}                                                                                                                                               82.5±2.3                                      34.40±1.09[^a^](#tf21){ref-type="table-fn"}   36.32±0.36     7.36±0.27
  NC + 10% GBU          5.95±0.17[^ab^](#tf21){ref-type="table-fn"}                                                                                                                                               81.2±2.6                                      34.19±0.70[^a^](#tf21){ref-type="table-fn"}   35.07±0.38     7.04±0.20
  NC + 15% GBU          6.11±0.14[^ab^](#tf21){ref-type="table-fn"}                                                                                                                                               83.2±1.9                                      36.61±1.45[^a^](#tf21){ref-type="table-fn"}   35.86±0.85     7.34±0.15
  NC + 20% GBU          6.16±6.16[^a^](#tf21){ref-type="table-fn"}                                                                                                                                                84.2±1.6                                      36.72±1.46[^a^](#tf21){ref-type="table-fn"}   36.07±0.73     7.30±0.13
  Main effects                                                                                                                                                                                                                                                                                                               
  Germination                                                                                                                                                                                                                                                                                                                
      BU                5.85±0.08[^b^](#tf21){ref-type="table-fn"}                                                                                                                                                79.67±1.09[^b^](#tf21){ref-type="table-fn"}   32.14±0.72[^b^](#tf21){ref-type="table-fn"}   35.64±0.37     7.24±0.15
      GBU               6.07±0.08[^a^](#tf21){ref-type="table-fn"}                                                                                                                                                82.87±1.18[^a^](#tf21){ref-type="table-fn"}   35.84±0.73[^a^](#tf21){ref-type="table-fn"}   35.67±0.41     7.23±0.09
  Level                                                                                                                                                                                                                                                                                                                      
      10%               5.80±0.10                                                                                                                                                                                 79.19±1.51                                    31.22±0.85[^b^](#tf21){ref-type="table-fn"}   35.21±0.37     7.08±0.15
      15%               5.97±0.09                                                                                                                                                                                 81.25±1.28                                    35.19±0.87[^a^](#tf21){ref-type="table-fn"}   35.56±0.60     7.29±0.16
      20%               6.12±0.09                                                                                                                                                                                 83.37±1.39                                    35.56±0.92[^a^](#tf21){ref-type="table-fn"}   36.20±0.42     7.33±0.15
  Source of variation   \-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--*P*-value\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--                                                                                                              
  Germination           0.0449                                                                                                                                                                                    0.0495                                        0.0001                                        0.9631         0.9586
  Level                 0.0711                                                                                                                                                                                    0.1123                                        0.0002                                        0.3497         0.4964
  Germination×Level     0.6906                                                                                                                                                                                    0.0731                                        0.2074                                        0.7747         0.8968

Means within a column not followed by common superscripts are different at *P*\<0.05.

PC=positive control; NC=negative control; BU=non-germinated buckwheat; GBU=germinated buckwheat.

^1^ Values for each parameter represent mean±standard error values with 10 observations.

Length and width of the tibia and femur bones were not affected by the experimental diets (data not shown). All values in tibia decreased significantly in the NC group compared with the PC group, and the values were restored in most cases by the addition of BU and GBU in the diets. Non-significant differences were observed among the levels of BU and GBU in terms of dry tibia weight, tibia weight/length index, tibia ash and P contents. Restoration of tibia breaking strength was dose-dependent in the BU groups, but not in the GBU groups. Similar tendency was observed in femur breaking strength. Comparing the values, the degree of restoration was greater in the GBU groups than in the BU groups. Decreased dry femur weight in the NC group was restored in the 20% GBU group. Significant difference in femur weight/length index was found for the main effect of germination, but the main effect of level was not significant. Moreover, no significant differences in femur ash and P contents were observed for both main effects.

Balance of Total P and Nitrogen ([Table 7](#T7){ref-type="table"})
------------------------------------------------------------------

###### The effects of non-germinated and germinated buckwheat added diets on the balance of total phosphorus and nitrogen in broilers[^1^](#tf24){ref-type="table-fn"}

  Dietary groups        Total phosphorus                                                                                                                                                                          Nitrogen                                                                                                                                               
  --------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------- --------------------------------------------- ----------- --------------------------------------------- ----------------------------------------------
  PC                    1.35±0.01[^a^](#tf23){ref-type="table-fn"}                                                                                                                                                0.74±0.04[^a^](#tf23){ref-type="table-fn"}     0.61±0.03[^a^](#tf23){ref-type="table-fn"}    6.59±0.07   2.88±0.09[^ab^](#tf23){ref-type="table-fn"}   3.72±0.04[^abc^](#tf23){ref-type="table-fn"}
  NC                    0.98±0.01[^b^](#tf23){ref-type="table-fn"}                                                                                                                                                0.58±0.02[^b^](#tf23){ref-type="table-fn"}     0.39±0.03[^b^](#tf23){ref-type="table-fn"}    6.43±0.04   3.08±0.12[^a^](#tf23){ref-type="table-fn"}    3.35±0.13[^c^](#tf23){ref-type="table-fn"}
  NC + 10% BU           0.97±0.01[^b^](#tf23){ref-type="table-fn"}                                                                                                                                                0.57±0.02[^bc^](#tf23){ref-type="table-fn"}    0.41±0.02[^b^](#tf23){ref-type="table-fn"}    6.45±0.08   2.95±0.06[^a^](#tf23){ref-type="table-fn"}    3.50±0.13[^bc^](#tf23){ref-type="table-fn"}
  NC + 15% BU           1.00±0.01[^b^](#tf23){ref-type="table-fn"}                                                                                                                                                0.51±0.02[^bcd^](#tf23){ref-type="table-fn"}   0.50±0.01[^ab^](#tf23){ref-type="table-fn"}   6.54±0.07   2.89±0.08[^ab^](#tf23){ref-type="table-fn"}   3.65±0.08[^abc^](#tf23){ref-type="table-fn"}
  NC + 20% BU           1.00±0.01[^b^](#tf23){ref-type="table-fn"}                                                                                                                                                0.43±0.02[^d^](#tf23){ref-type="table-fn"}     0.57±0.02[^a^](#tf23){ref-type="table-fn"}    6.48±0.07   2.62±0.10[^ab^](#tf23){ref-type="table-fn"}   3.85±0.09[^ab^](#tf23){ref-type="table-fn"}
  NC + 10% GBU          1.00±0.01[^b^](#tf23){ref-type="table-fn"}                                                                                                                                                0.57±0.03[^bc^](#tf23){ref-type="table-fn"}    0.43±0.02[^b^](#tf23){ref-type="table-fn"}    6.43±0.08   2.99±0.10[^a^](#tf23){ref-type="table-fn"}    3.44±0.13[^bc^](#tf23){ref-type="table-fn"}
  NC + 15% GBU          1.00±0.01[^b^](#tf23){ref-type="table-fn"}                                                                                                                                                0.44±0.04[^cd^](#tf23){ref-type="table-fn"}    0.56±0.04[^a^](#tf23){ref-type="table-fn"}    6.58±0.06   2.74±0.13[^ab^](#tf23){ref-type="table-fn"}   3.85±0.13[^ab^](#tf23){ref-type="table-fn"}
  NC + 20% GBU          0.98±0.01[^b^](#tf23){ref-type="table-fn"}                                                                                                                                                0.40±0.01[^d^](#tf23){ref-type="table-fn"}     0.58±0.02[^a^](#tf23){ref-type="table-fn"}    6.53±0.06   2.46±0.07[^b^](#tf23){ref-type="table-fn"}    4.07±0.07[^a^](#tf23){ref-type="table-fn"}
  Main effects                                                                                                                                                                                                                                                                                                                                                           
  Germination                                                                                                                                                                                                                                                                                                                                                            
      BU                0.99±0.01                                                                                                                                                                                 0.50±0.01                                      0.49±0.02                                     6.49±0.04   2.82±0.06                                     3.66±0.68
      GBU               0.99±0.01                                                                                                                                                                                 0.47±0.02                                      0.52±0.02                                     6.52±0.04   2.73±0.08                                     3.79±0.79
  Level                                                                                                                                                                                                                                                                                                                                                                  
      10%               0.98±0.01                                                                                                                                                                                 0.57±0.02[^a^](#tf23){ref-type="table-fn"}     0.42±0.02[^b^](#tf23){ref-type="table-fn"}    6.44±0.06   2.97±0.06[^a^](#tf23){ref-type="table-fn"}    3.47±0.08[^b^](#tf23){ref-type="table-fn"}
      15%               0.99±0.01                                                                                                                                                                                 0.47±0.02[^b^](#tf23){ref-type="table-fn"}     0.53±0.02[^a^](#tf23){ref-type="table-fn"}    6.50±0.05   2.81±0.08[^a^](#tf23){ref-type="table-fn"}    3.75±0.09[^a^](#tf23){ref-type="table-fn"}
      20%               1.00±0.01                                                                                                                                                                                 0.42±0.01[^b^](#tf23){ref-type="table-fn"}     0.57±0.01[^a^](#tf23){ref-type="table-fn"}    6.56±0.05   2.54±0.06[^b^](#tf23){ref-type="table-fn"}    3.96±0.07[^a^](#tf23){ref-type="table-fn"}
  Source of variation   \-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--*P*-value\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--                                                                                                                                                          
  Germination           0.9659                                                                                                                                                                                    0.7844                                         0.1332                                        0.6612      0.2499                                        0.1757
  Level                 0.4267                                                                                                                                                                                    0.0077                                         \<0.0001                                      0.3001      0.0004                                        0.0002
  Germination×Level     0.0771                                                                                                                                                                                    0.6495                                         0.5139                                        0.8820      0.5118                                        0.3736

Means within a column not followed by common superscripts are different at *P*\<0.05.

PC=positive control; NC=negative control; BU=non-germinated buckwheat; GBU=germinated buckwheat.

^1^ Values for each parameter represent mean±standard error values with eight observations.

Total P intake varied (*P*\<0.05) between the PC and other groups because of the varying dietary level of P. Interestingly, the total P excretion decreased, and retention increased dose-dependently, with the addition of BU and GBU in the diets. Lowest (*P*\<0.05) excretion was observed in the 20% BU and GBU groups, compared with other treatments, except for 15% BU and GBU. Consequently, the retention of total P was found to be significantly increased in these groups. Although the intake was lower, retention of total P in 15% and 20% BU and GBU groups were comparable with the PC group. On the other hand, nitrogen intake was similar in all groups, but excretion varied considerably. Lowest (*P*\>0.05) excretion of nitrogen resulted in highest (*P*\>0.05) retention in the 20% GBU group compared with the PC group.

Discussion
==========

In the present study, the diets were formulated based on the [@bib21] in which the nutrient specifications were slightly lower than those in "ROSS 308 nutrition specification". This may be one of the reasons of the slightly decreased final BW in PC group compared with the ROSS 308 broilers ([@bib2]). The deteriorated growth performance and bone quality (tibia and femur breaking strength, tibia ash and P contents) in the NC group were restored by the addition of BU and GBU in the diets, and a near-complete restoration was observed in the 20% GBU group, suggesting that birds complemented the shortage of P in the NC diet with non-phytate P released from phytate P by the action of BU and GBU phytase. The degree of restoration was greater in the GBU groups than in BU groups, which could be due to the increased phytase activity by germination. It is noteworthy that 20% GBU group showed a growth performance and bone quality comparable with the PC group. This suggests that phytase activity in the 20% GBU diet may be close enough to minimize the deficiency of non-phytate P in this group.

The above findings lead to expectations of decreased P excretion in the BU and GBU groups, which were found to be true: NC group showed decreased P excretion because of the P deficient diet, and BU and GBU groups showed further decrease in the values (compared with the PC group, 23% to 42% decrease in the BU groups, and 23% to 46% decrease in the GBU groups). The highest decrease rate (46%) was recorded in the 20% GBU group, which was greater than the values reported by [@bib22], who found that addition of microbial (derived from *Aspergillus oryzae*) or plant (wheat bran) phytase (600 PU/kg diet) in a P-deficient diet could decrease the P excretion approximately 28%--30% in broilers. In addition, nitrogen retention tended to increase in the 20% GBU group, although all diets were isonitrogenous. Similar observations have been reported by [@bib28], who explained that phytate-protein complexes resistant to digestion were decreased by the action of phytase ([@bib27]; [@bib7]).

According to [@bib29], the phytase unit (PU) equivalent to 0.10% of non-phytate P was 648--1,055 PU/kg diet (yeast phytase, at pH 5.5). An equivalency of 750 PU/kg diet of triticale phytase to 0.10% P was observed in terms of final weight, feed intake, and tibiotarsi dry matter, whereas it was 0.79% P in terms of tibiotarsi ash ([@bib17]). It is mentionable that in most cases, BW gain, FI, and bone ash were used to calculate the equivalency value ([@bib7]; [@bib16]), and linear regression was considered more accurate over quadratic or other polynomial fits ([@bib10]; [@bib24]). Therefore, to express the effect of buckwheat phytase as the amount of non-phytate P in this study, the relationships between the levels of phytase unit and BW gain, FI, tibia ash and tibia P content were determined, resulting in the following regression equations were obtained: Y~1~=2408+0.428X, r^2^=0.86Y~2~=127.3+0.005X, r^2^=0.63Y~3~=35.63+0.006X, r^2^=0.96Y~4~=7.52+0.002X, r^2^=0.87 where Y~1~=BW gain (g), Y~2~=FI (g/bird/day), Y~3~=Tibia ash (%), Y~4~=Tibia P (%) and X=buckwheat phytase (PU/kg diet).

All the regression equations were significant (*P*\<0.05). Consequently, the levels of phytase unit required to obtain the same BW gain, FI, tibia ash and tibia P in the PC group were calculated to be 750, 580, 636 and 745 PU/kg diet, respectively. Taking the BW gain as the most important parameter, 750 PU/kg diet should be included in the NC diet formulated on the basis of NRC requirement, and therefore, 470 PU/kg diet of buckwheat phytase may be equivalent to 0.10% non-phytate P: the NC diet was deficient in 0.16% non-phytate P compared with the PC diet.

Compared with barley, triticale, and wheat which are natural phytase sources ([@bib3]; [@bib18]; [@bib17]), buckwheat may be a more suitable ingredient for poultry feed, as barley, triticale, and wheat contain high levels of *β*-glucans ([@bib12]), which are indigestible polysaccharides that decrease nutrient digestibility ([@bib14]; [@bib30]; [@bib20]), but are found in relatively low concentrations in buckwheat ([@bib13]). Although buckwheat has not yet been produced for animal feed to our knowledge, low quality seeds unsuitable for human consumption may probably be used for this purpose.

In conclusion, it was clarified that dietary addition of buckwheat restored the growth performance, bone quality and P retention impaired by P deficiency in broilers, and the restoration magnitude was greater in GBU than in BU treatments, suggesting that buckwheat, especially when germinated, can be used as an alternative phytase source, by partial replacement of diets deficient in non-phytate P.
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